Mesoderm represents the evolutionary youngest germ layer and forms numerous novel tissues in bilaterian animals. Despite the established conservation of the gene regulatory networks that drive mesoderm differentiation (e.g. myogenesis), mechanisms of mesoderm specification are highly variable in distant model species. Thus, broader phylogenetic sampling is required to reveal common features of mesoderm formation across bilaterians. Here we focus on a representative of Spiralia, the marine annelid Alitta virens, whose mesoderm development is still poorly investigated on the molecular level. We characterize three novel early mesodermal markers for A. virens -Twist, Mox, and Evx -which are differentially expressed within the mesodermal lineages. The Twist mRNA is ubiquitously distributed in the fertilized egg and exhibits specific expression in endomesodermaland ectomesodermal-founder cells at gastrulation. Twist is expressed around the blastopore and later in a segmental metameric pattern. We consider this expression to be ancestral, and in support of the enterocoelic hypothesis of mesoderm evolution. We also revealed an early pattern of the MAPK activation in A. virens that is different from the previously reported pattern in spiralians. Inhibition of the MAPK pathway by U0126 disrupts the metameric Twist and Mox expression, indicating an early requirement of the MAPK cascade for proper morphogenesis of endomesodermal tissues.
Introduction
Germ layers are a profound feature of animal development. The layers are designated via morphogenetic movements during gastrulation and predetermine the future fates of cell masses according to their topology. During the further process of cell differentiation, each germ layer gives rise to a similar complement of derivatives in diverse metazoans. The intermediate germ layer -mesoderm -generally produces muscles, coelomic epithelium, and connective tissues. The mesodermal layer has evolved within bilaterians, representing one of the major innovations in animal development. There is a strong probability that the mesodermal tissues in particular provided a powerful basis for body plan diversification that led to the Cambrian explosion (Martindale et al., 2004; Burton, 2008) . Being the evolutionary youngest germ layer, the mesoderm exhibits considerable variability of its developmental pathways in diverged phylogenetic lineages. For example, striated muscle shares, among bilaterians, a limited core molecular apparatus, differing in essential functional elements (Steinmetz et al., 2012) . This raises the question to what extent the developmental programs that drive germ layer formation and differentiation are conserved. The answer calls for an extensive sampling of appropriate animal models.
Currently, a vast amount of data on mesoderm specification, morphogenesis, and patterning are available for a severely limited set of model organisms such as Drosophila, Caenorhabditis elegans, sea urchins, and vertebrates (Stern, 2004; Ciglar and Furlong, 2009; Brunet et al., 2013; Buckingham and Rigby, 2014; Andrikou and Arnone, 2015) . An interspecies comparison of mesodermal regulatory genes revealed that the same families of transcription factors are generally used to drive myogenesis. The interplay of these regulators comprises an evolutionarily conserved subcircuit of mesoderm differentiation. Conversely, upper inputs at the level of mesoderm specification are unique across diverse phyla.
The bHLH transcription factor Twist is regarded as a masterregulator of mesoderm development in Drosophila (Castanon and Baylies, 2002; Sandmann et al., 2007) . Its transcription starts zygotically under control of the maternal Dorsal protein (the NF-κB homologue) in the whole presumptive mesoderm, localized across the ventral midline. Twist is required and sufficient to initiate the ventral furrow invagination as well as to drive myogenic differentiation (Baylies and Bate, 1996; Furlong, 2004; Barnes and Firulli, 2009) . Later in Drosophila embryogenesis, Twist together with the numerous so-called iTFs (muscle identity transcription factors, including Eve, Nau, Kr, Runt, and others) governs the specification of distinct muscle types (de Joussineau et al., 2012) .
In vertebrates, Twist homologues play an opposite role, being antimyogenic factors (Barnes and Firulli, 2009 ). Twist-family members (Twist, Paraxis, Scleraxis, Hand) are expressed beginning at gastrulation stages in different mesodermal compartments of chordates, including the organizer/chordomesoderm, paraxial mesoderm/somites, lateral plate mesoderm, and the cephalic neural crest. Nevertheless, the earlier mesoderm specification in these animals relies on subtly interplaying Twist, Bra/Tbx, Not, Pax3/7, Six1/4, Eya1/2 transcription factors, as well as TGF-β, Wnt/β-cat, and FGF/MAPK signaling pathways (Stern, 2004; Winslow et al., 2007; Buckingham and Rigby, 2014) . Considering functional data and the fact that these factors do act not exclusively in the mesodermal germ layer, the ancestral role of each molecule in cell fate determination (resulting in specific differentiation) versus cell behavior (morphogenesis) remains to be verified.
An important step towards understanding the evolutionary history of the mesoderm is to incorporate representatives of the third major bilaterian clade -Spiralia (also known as Lophotrochozoa). Being extremely diverse in adult body plans, Spiralia comprises almost a half of the extant metazoan phyla, namely Annelida, Mollusca, Nemertea, Platyhelminthes, Rotifera, Brachiopoda, Bryozoa, and others (Henry, 2014) . The first three listed taxa are known for a highly stereotyped pattern of early development, referred to as the spiral cleavage. The mesodermal cell lineages in spiralian embryos fall into the two categories: ectomesoderm (larval mesenchyme) and endomesoderm. The former is believed to originate ontogenetically from ectodermal cells of the second and third micromere quartets, the latter from an endodermal precursor (Hyman, 1951; Lyons and Henry, 2014) . As a rule, one and the same cell -the mesodermal somatoblast 4d -gives rise to the whole trunk mesoderm (endomesoderm), facilitating investigations of this germ layer and comparisons within the group. 4d often contributes to endodermal tissues as well, which warrants its designation as the mesendoblast (=mesentoblast). The mesendoblast 4d proliferates to give rise to the bilateral mesodermal bands (MBs) in a trochophorelike larva, which is characteristic for the spiral pattern of development. Later on the MBs differentiate into muscles, and coeloms or mesenchyme (Hyman, 1951; Anderson, 1973; Ivanova-Kazas, 1995) .
Nonetheless, the molecular toolkit of mesoderm development in spiralians is almost completely unknown. In different phylogenetic groups, some conserved mesodermal regulatory genes are shown to be expressed in highly variable spatio-temporal patterns. Only Twist, GATA4/5/6, and NK1 are revealed as consistent early mesodermspecific factors in annelids (Steinmetz, 2006; Dill et al., 2007; Gillis et al., 2007; Boyle and Seaver, 2008; Saudemont et al., 2008; Pfeifer et al., 2014) , molluscs (Nederbragt et al., 2002; Perry et al., 2015) , and a brachiopod (Passamaneck et al., 2015) . Available functional data are less unambiguous and suggest a role of the Wnt/β-cat signaling Henry et al., 2010b; Pruitt et al., 2014) and MAP kinase cascade (Lambert and Nagy, 2001, 2003; Koop et al., 2007; Henry and Perry, 2008; Kozin et al., 2013) in determining cell fates, including mesodermal lineages, at cleavage stages in some molluscs and annelids.
The MAPK signaling pathway is involved in the organizer activity during early spiralian development (prior to gastrulation). The embryonic organizer in molluscs is responsible for the induction of adjacent cells to proper differentiation, and dorsoventral axis establishment (Lambert, 2008; Henry, 2014) . Slightly similar to vertebrates, the spiralian organizer is intimately related to the dorsal mesendodermal region in the late blastula. The precise genealogy of the blastomereorganizer may vary in different spiralian species, but it is always confined to the D quadrant -mostly to the 3D and/or 4d cells. In exactly the same cells, MAP kinase activation was first observed in several molluscan embryos (Lambert and Nagy, 2001, 2003) . Nevertheless, more recent studies indicated substantial variability of MAPK activation patterns, and different functional significance in molluscs and annelids (Henry and Perry, 2008; Amiel et al., 2013; Pfeifer et al., 2014) . This requires further investigation of MAPK-dependent mechanisms in spiralian development to unravel their evolution and pathways to biodiversity.
In the present study we analyzed the role of the MAP kinase Erk1/2 and described expression patterns of Twist, Mox, and Evx homologues in the annelid Alitta virens (formerly Nereis virens) with regard to the issue of the mesoderm development in Spiralia. For the first time in annelids, we revealed the importance of MAPK signaling during cleavage stages in the further mesoderm morphogenesis. In contrast to MAPK in molluscs, it is not required for the mesoderm specification in A. virens, which is likely determined autonomously via the Twist expression in the endomesodermal lineage. We also demonstrate the mesodermal specificity of the homeobox genes Mox and Evx that was not observed previously in errant polychaetes. Our work highlights variability of the mesoderm developmental program across spiralians and proposes possible scenarios of evolutionary alterations.
Experimental procedures

Animals and fixation
Sexually mature (epitoke) A. virens worms were collected in the natural habitat at the White Sea near the Marine Biological Station of St. Petersburg State University. The artificial fertilization and embryo culturing (at +14°C) were performed as described earlier (Dondua, 1975) . Embryonic and larval stages were distinguished according to the published staging systems and cleavage chronology (Kostyuchenko and Dondua, 2006; Kulakova et al., 2007; Fischer et al., 2010) . At least several hundred specimens per time point were fixed at the stages of the cleavage (0-16 h post fertilization, hpf); the gastrulation (20hpf); the protrochophore (32hpf); the early trochophore, ET (43hpf); the middle trochophore, MT (59hpf); and the early metatrochophore, EM (90hpf). All fixations were done in 4% formaldehyde on 1.75 × PBS/ 0.1% Tween-20 overnight at + 4°C, followed by dehydration in 70% ethanol and storage at −20°C.
Drug treatment
The experiment with the specific pharmacological inhibitor of the MAPK signaling U0126 (Promega) was carried out according to the scheme in Fig. 6A . All experiment variants were repeated at least 3 times on the batches from different parents. The inhibitor was dissolved in DMSO to the stock concentration of 10 mM and used up within one day, storing at − 20°C if necessary. The final concentration of U0126 in filtered natural sea water (FSW) was 40 μM. The embryos were washed in the 40 μ-meshed Cell Strainers with FSW to remove the jelly coat and incubated in FSW with the inhibitor or the corresponding amount of DMSO (the DMSO-control batch was treated as in the experiment (I)). The DMSO-control and FSW-control embryos (untreated) were fixed at the successive time points of beginning the treatment in the experiments (I)-(IV). This enabled precisely determining the developmental stage via further preparations and microscopic analysis. Embryos from the experiment (I) were also fixed 1 and 2 h after beginning the inhibitor treatment and subjected to immunostaining that proved the absence of the active Erk1/2 in the U0126-treated specimens (not shown). At the early gastrula stage (20hpf) all batches were thoroughly washed in FSW and cultured until the MT age (62hpf), when they were fixed.
Immunostaining and imaging
To remove the jelly coat and permeabilize the vitelline envelope, the embryos (0-43hpf) were washed in the 40 μ-meshed Cell Strainers with TCMFSW (Tris + Ca/Mg-free sea water) for 1-2 min just prior to fixation. TCMFSW (pH 8.0) consists of freshly prepared mixture of Tris (50 mM), NaCl (495 mM), KCl (9.7 mM), Na 2 SO 4 (27.6 mM), NaHCO 3 (2.3 mM), and EDTA (6.4 mM) in distilled water. Our original recipe was successfully used on A. virens and Platynereis dumerilii previously (Kostyuchenko and Dondua, 2006; Schneider and Bowerman, 2007; Pfeifer et al., 2014) .
The fixed embryos were immunostained using standard whole mount immunocytochemistry methods. The material was rehydrated in ethanol of decreasing concentrations and washed 5 times in PBT (1× PBS + 0.1% Triton X-100 + 0.1% sodium azide). To make the vitelline envelope more permeable we used proteinase K (100 μg/ml in PBT) digestion for 30 s at +22°C, followed by 2 washes in 2 mg/ml glycine/ PBT, and 5 washes in PBT. The embryos were blocked for 2 h in 5% sheep serum/PBT, which was replaced with the primary antibodies (ABs) in 2.5% sheep serum/PBT. After thorough washes in PBT (6 times for 2 h in total) the secondary ABs were added. AB incubations were performed for 1-2 days at +4°C.
We used the following ABs and dilutions: 1:100 rabbit antiPhospho-p44/42 MAPK (Cell Signaling #4370), 1:2000 mouse anti-α-tubulin (Sigma T5168), 1:200 mouse anti-β-tubulin (Sigma T4026), 1:400 AF488-conjugated anti-rabbit (Invitrogen A11034), 1:400 Cy5-conjugated anti-mouse (Jackson ImmunoResearch 715-175-150). The embryos were additionally counterstained with DAPI (Sigma) or TO-PRO®-1 Iodide (Molecular Probes) for 1-2 h for DNA visualization. The specimens were then mounted in 90% glycerol/PBT and imaged at the confocal microscope Leica TCS SP5. For DIC optics we used the Axio Imager D1 microscope (Carl Zeiss) equipped with the AxioCam ICc5 and MRm (Carl Zeiss) digital cameras. The artwork was carried out in Adobe Photoshop, Adobe Illustrator, ImageJ, LAS AF Lite, and AxioVision programs.
Gene cloning and bioinformatics
The gene cloning was performed using the degenerate and RACE PCR as described previously (Kozin and Kostyuchenko, 2015) . Primer sequences and PCR conditions are available upon request. NCBI accession numbers of Avi-twist, Avi-mox, and Avi-evx are JN107993, KU052761, and KU052760, respectively. The cloned A. virens nucleotide sequences were translated into proteins, whose conserved domains were revealed using the Pfam database (http://pfam.xfam.org/). Multiple alignments followed by maximum likelihood phylogenetic analyses were performed with the algorithms MUSCLE 3.7 and PhyML 3.0 coupled with the approximate likelihood-ratio test (aLRT) using the Phylogeny.fr server (www.phylogeny.fr). To reveal the conserved UTR motifs we searched the REPFIND (http://zlab.bu.edu/repfind/form. html) and UTRSite (http://utrsite.ba.itb.cnr.it) databases.
In situ hybridization
Up to several hundred individuals of every stage were analyzed using the whole mount in situ hybridization for each gene. All treatments of the single-color in situ hybridization with NBT/BCIP staining were performed as described earlier (Tessmar-Raible et al., 2005) . Dig-labeled RNA probes were prepared according to the manufacturer's protocol (Roche).
Results and discussion
Identification of new annelid mesodermal markers
The cDNA fragments of the Twist, Mox, and Evx transcription factor genes were isolated from the nereid polychaete A. virens. Our extensive search in the genome draft (http://4dx.embl.de/platy) of the closely related species Platynereis dumerilii revealed only single copies of the respective genes. The A. virens Twist ortholog (Avi-twist) of 1.5 kb longwise has a predicted open reading frame (ORF) of 615 bp, 5′ UTR of 32 bp, and extensive 3′ UTR of 0.9 kb. The inferred Avi-twist protein of 204 aa contains the conserved bHLH and WR domains at the C-terminus. Phylogenetic analysis supported the orthology assignment for Avi-twist, but did not reveal clear clusters of the Twist paralogues from spiralian genomes ( Supplementary Fig. S1 ). This suggests independent recent duplications of the Twist genes in the polychaete Capitella, the mollusc Crassostrea, and vertebrates, whereas the anthozoan, insect, and nereid genomes retained a single Twist copy.
Recently, Farooq and colleagues (Farooq et al., 2012) identified several seven-nucleotide repeat elements, termed ARE2, in the 3′ UTR of Twist from the leech Helobdella robusta. These repeats are responsible for the proper Twist mRNA localization to the zygotic teloplasm at the animal and vegetal poles. Our searches in the databases REPFIND and UTRSite did not reveal the corresponding motif in the Twist homologues of the polychaetes A. virens, P. dumerilii, and Capitella teleta. In accordance with the known differences of the ooplasmic segregation in polychaetes and clitellates (Astrow et al., 1989; Kostyuchenko and Dondua, 2000) , we propose that functional ARE2 sequences independently evolved in the leech Twist together with the mechanisms of teloplasm formation.
We have also identified in A. virens the so-called Hox-linked genes Mox (also known as Meox, Gax, and buttonless in different organisms) and Evx (homologues to even-skipped in Drosophila). Both sequences possess a characteristic homeobox and constantly cluster within the respective families (Supplementary Figs. S2, S3) . In the phylogenetic trees, Avi-mox and Avi-evx have the shortest branch lengths compared with other spiralian representatives. This may reflect a relatively low divergence speed of the nereid sequences. The Mox and Evx genes of P. dumerilii occupy the same chromosome with the Hox cluster, but Pdu-mox, Pdu-evx, and Pdu-hox loci are not tandemly arrayed (Hui et al., 2012) . This arrangement of the ANTP-class homeobox genes is likely preserved in A. virens. If so, then a common input can exist and regulate the involvement of Mox, Evx, and several Hox genes in the early mesoderm development in nereids.
Exclusive localization of Avi-twist mRNA in the endo-and ectomesodermal founder-cells
The earliest differential localization of the Avi-twist mRNA was detected after the birth of the fourth quartet micromeres (13hpf). The Avi-twist expression prevails at the dorsal side of the embryos, being restricted to the yolk-free cytoplasm. Viewed from the vegetal pole, the Avi-twist transcripts localize in the 4d micromere (Figs. 1A, 4A ). The same pattern was observed at the 38-cell stage of the polychaete P. dumerilii, which is closely related to A. virens (Pfeifer et al., 2014) . A few hours later (16hpf), the only Avi-twist-positive blastomeres are the M-cells, the outcome of the 4d equal bilateral cleavage (Fig. 1B) . When compared with the P. dumerilii 66-cell embryo, in which the Pdu-twist mRNA is detected in both 4d and 2d lineages, this reveals a minor discrepancy between the two nereid species. At the time of epibolic gastrulation (20hpf), we observed the circum-blastoporal expression pattern, comprised of the endomesodermal M-cells and the four micromeres in opposite blastopore edges (Figs. 1C, D, 4B ). These positions correspond to the third micromere quartet (3a, 3b, 3c, and 3d cells), which constitutes the full ectomesodermal complement in nereid worms (Wilson, 1892; Ackermann et al., 2005) . Thus, in the early gastrula the Avi-twist mRNA localizes exclusively in the endoand ecto-mesodermal founder-cells (Fig. 4B) .
The maternal investment of Twist products has been characterized in three spiralian species: the gastropod Crepidula fornicata (Henry et al., 2010a) , the leech Helobdella robusta (Farooq et al., 2012) , and the polychaete P. dumerilii (Pfeifer et al., 2014) . Nevertheless, no specific segregation of these molecules at a distinct cell lineage occurs during cleavage, either in these three animals or in A. virens. The mRNA of the Twist orthologues is restricted to the teloplasm, cytoplasm, or centrosomes of most blastomeres in early spiralian embryos. It makes the probable role of the maternal Twist in mesodermal cell fate determination unobvious during the spiral cleavage stages. We can only hypothesize that mechanisms of selective mRNA degradation may take place, leading to establishment of the only endomesodermal lineage in A. virens by the onset of bilateral divisions. Typically, Twist orthologues are not expressed prior to midblastula stages in other metazoans, including the mollusc Patella (Nederbragt et al., 2002) , the polychaete Capitella (Dill et al., 2007) , the cnidarian Nematostella (Martindale et al., 2004) , Drosophila (Thisse et al., 1987) , C. elegans (Harfe et al., 1998) , and Xenopus (Hopwood et al., 1989) . Considering the discrepancies in UTR elements, in intracellular localization, and in the time points of transcription start across the annelids and molluscs studied, we conclude that the regulation and timing of the earliest Twist expression has evolved independently even within Spiralia. The available data allow speculating that in errant polychaetes (such as the nereids A. virens and P. dumerilii) the maternal Twist product takes part in autonomous endomesoderm specification.
The emergence of the Avi-twist signal in the inferred ectomesodermal 3a-3d micromeres indicates the activation of the zygotic transcription of the gene. Generally, Twist orthologue expression is confined to the blastopore region (Fig. 4B) , being exactly circum-blastoporal in the cnidarian, brachiopod, and lancelet gastrula (Yasui et al., 1998; Martindale et al., 2004; Passamaneck et al., 2015) . The essential mesodermal (and most frequently pan-mesodermal) specificity and functional linkage of the Twist family genes in diverse metazoan clades reflect the outstanding evolutionary conservation in the molecular guidance of germ layer segregation. Our data further support the interpretation that circum-blastoporal mesoderm formation is ancestral for Bilateria (Lartillot et al., 2002; Technau and Scholz, 2003; Martindale et al., 2004) . This questions the basis of the endo-and ectomesoderm's allocation in the whole Spiralia clade. An absence of the particular dorsal mesodermal rudiment, equivalent to the 4d-derived endomesoderm in annelids and molluscs, outside spiral-cleaving species suggests that the endomesoderm is the lineage-specific innovation of Eutrochozoa. Alternatively, the ectomesoderm may have originated independently among Spiralia taxa (Perry et al., 2015) . Broader phylogenetic sampling for the extensive molecular fingerprinting of these anlagen should help solve this problem. Furthermore, identifying the particular developmental pathways upstream and downstream of the conserved late blastula/gastrula patterning in spiralians (manifested by the Twist, GATA, Brachyury, FoxA expression) will definitely shed light on the mesoderm evolutionary origin and on the homology of its components.
3.3. Patterning of the mesodermal sublineages by Avi-twist, Avi-mox, and Avi-evx
In nereid polychaetes, proliferation of the M-cells during gastrulation leads to formation of the two bilateral MBs (Fig. 1E, F) , which continuously extend upwards, penetrating between the macromeres' mass and the ectoderm (Wilson, 1892; Fischer and Arendt, 2013) . At this time (the protrochophore stage) the Avi-twist expression fades in the terminal M-cells, but persists in some of its descendants and in the ectomesodermal cells, which all together surround the closing blastopore/nascent stomodeal plate (Fig. 4C and data not shown) . Simultaneously, the Avi-evx gene activates in the whole MB (Figs. 2B, C, 4C ), as well as across the 2d-derived dorso-vegetal ectoderm (the superficial domain) ( Fig. 2A-D) .
At the early trochophore stage, when the larvae start swimming, the ectodermal Avi-evx-positive cells arrange in the horseshoe-shaped domain at the vegetal pole (Fig. 2E-H) . The prospective proctodeum area (the future hindgut) is free of the Avi-evx mRNA signal. Accordingly, the pattern demarcates the posterior and lateral edges of the internalizing (proctodeal and stomodeal) ectoderm, which are positioned on the former blastopore place. Interestingly, the Avi-evx expression clears from the endomesoderm, being observed only in several distinct cells along the anterior margin of each MB (Fig. 2F, G) . The Avi-twist expression in the ET larvae is evident in the ectomesodermal cells above and on each side of the stomodeal area (Figs. 3A, 4D ). The endomesodermal expression in the MBs becomes metameric, localizing in three reiterative patches per each MB, with the strongest signal in the anterior-most domain. At the ET stage we also detected the earliest consistent expression of the Avi-mox gene in the anterior part of the MBs (Figs. 3F, 4D ).
In the middle trochophores the Avi-mox expression extends for the full MB's length, demonstrating the metameric pattern as well (Figs. 3G, H, 4E) . Moreover, the transcription of Avi-mox activates in the ectomesodermal cells above the stomodeum. The Avi-twist expression also elevates at the MT stage, being visible in the three cell groups around the stomodeum, and in distinct cells across the MBs (Fig. 3B, C) . The Avi-evx signal within the MBs is barely detectable by this time in the few anterior endomesodermal cells (Fig. 2J) . The ectodermal Avi-evx expression pattern encompasses the punctate oval domain at the vegetal pole and the ventral median stripe stretching from the presumptive proctodeum upwards to the stomodeum (Fig. 2I-L) .
At the early metatrochophore stage the Avi-evx expression falls off severely, ending up in a few scattered neuroectodermal ventral cells as well as in some cells of unidentified nature associated with the chaetal sacs ( Fig. 2M-P) . In the EM larvae the Avi-twist-expressing endomesodermal cells also arrange around each chaetal sac (Figs. 3D, E, 4F) at the exact position of the forming parapodial muscles (Fischer et al., 2010) . The ectomesodermal Avi-twist distribution takes on the form of a semi-ring, opened at the posterior edge of the stomodeum. Considerably fewer ectomesodermal cells express Avi-mox at the lateral and upper sides of the stomodeum at this stage (Fig. 3I) . Unlike Avitwist, Avi-mox in the endomesoderm-derived cells is not expressed laterally, but is transcribed more ventrally, presumably in precursors of the oblique muscles and/or coelomic pouches (Figs. 3I, J, 4F ). Metamerism of the Avi-mox expression pattern is less apparent now, and the anterior-most domains are much wider than the posterior ones.
According to our data, the endomesodermal progeny of the 4d blastomere experiences the dynamic molecular patterning from the gastrulation phase onward (Fig. 4) . We observed the progressive activation of the Avi-twist, Avi-evx, and Avi-mox expression in the developing MBs of A. virens. At the ET stage, the three genes' transcripts are differentially localized within overlapping domains (Fig. 4D ). This must reflect the early heterogeneity of the undifferentiated MBs. Most likely, this differential molecular signature leads to the segregation of distinct mesodermal lineages in more advanced larvae. And indeed, at the EM stage, the Avi-twist, Avi-evx, and Avi-mox endomesodermal expression domains no longer overlap, manifesting the separation of the lateral and ventral mesodermal fates (Fig. 4F) . A similar refining to non-overlapping patterns of the Twist and Mox expression is characteristic in amphioxus (Yasui et al., 1998; Minguillón and Garcia-Fernàndez, 2002 ) and brachiopod development (Passamaneck et al., 2015) . In sea urchins, perhaps the analogous segregation of mesodermal lineages begins already at the early gastrula stage (Andrikou et al., 2013) . Thus, future studies should focus on revealing the exact mechanisms of the described dynamic divergence in the mesodermal germ layer.
The ectomesodermal cells, associated with the stomodeum area, also progressively implicate Avi-twist and Avi-mox in the patterning of the future pharyngeal musculature. Notably, the Twist expression in molluscs is reported solely in the ectomesoderm (Nederbragt et al., 2002; Perry et al., 2015) , whereas in other spiralians tested (polychaetes, planarians, and brachiopods) the homologous gene is active in both the anterior (foregut-associated) and trunk mesoderm (Steinmetz, 2006; Dill et Similar to polychaetes, in the late brachiopod larvae the Twist expression is associated with the chaetal sacs. This suggests its ancestral role in the patterning of specific locomotor muscles in Spiralia. Absence of Twist activity in the snail endomesoderm is apparently related to the rather derived body musculature system in molluscs.
Another important feature of the MBs in A. virens revealed here is the metameric pattern of Avi-twist and Avi-mox (Fig. 4) . This indicates the repetitive heterogeneity along the A-P axis of the MBs already at the early larval stages. The only other known genes with nearly metameric mesodermal expression at comparable stages in polychaetes are several genes of the NK cluster (Saudemont et al., 2008) , whereas precisely striated expression of the homeobox genes Engrailed, Gbx, and Hox across the ectoderm in trochophores is well documented (Prud'homme et al., 2003; Steinmetz et al., 2011) . Overall, these molecular data demonstrate the intrinsic metameric organization of the polychaete primary larva. This also supports hypotheses of a segmented ancestor of Bilateria, among which we favor the enterocoelic (=cyclomeric) ones (Metschnikoff, 1874; Sedgwick, 1884; Remane, 1950) . These hypotheses propose that coeloms evolved by outpouching of coelenteron in the cnidarian-like ancestor, whose oral end became the ventral side of bilaterian animals. Thus, the circum-blastoporal arrangement of the mesoderm and its early metamerization in the nereid polychaetes might reflect the evolutionary history of mesoderm formation in the Bilateria ancestor.
Early activation of MAP kinase in the cleaving annelid embryo
We observed the earliest activity of the MAP kinase signaling in A. virens, revealed by the anti-diphosphorylated Erk1/2 antibody, in the 8-cell stage embryos. At this moment all 8 blastomeres undergo mitosis, being in the anaphase (Fig. 5A-A") . We co-localize the active Erk1/2 with the chromosome material of the three cells, namely 1c, 1d, and 1D (Fig. 5A, Table 1 ). These cells occupy the dorsal side of the embryo and are known to divide (to complete the fourth cell cycle) slightly faster than the remaining blastomeres (Dondua and Fedorova, 1981) . Dorresteijn (1990) studied the cleavage timing in P. dumerilii and associated short cell cycle duration with the high absolute quantity of the yolk-free cytoplasm, highlighting the 1c, 1d, and 1D cells as a representative example. MAPK signaling may also be involved in regulating the embryonic cell cycle in spiralians. , and 2q), irrespective of quadrant affiliation, show nuclear dpErk1/2 staining (Fig. 5B) . In contrast, all four macromeres (2A, 2B, 2C, and 2D) have no dpErk1/2 staining either in the nuclei or cytoplasm (Fig. 5B-B" , Table 1 ). This radial symmetry of the dpErk1/2 distribution is lost at the 17-cell stage, when the 2D macromere divides first, giving rise to the 3d and 3D cells. Both 3d and 3D demonstrate MAPK signaling activity, whereas it turns off in all dividing micromeres, namely 1a , and 2d (Fig. 5C-C" , Table 1 ). The 1b 1 cell somewhat lags in the cell cycle progression, and this lag coincides with the Erk1/2 activity in the 1b 1 nucleus. The macromeres 2A, 2B, and 2C undergo metaphase and have no dpErk1/2 staining at that time ( Fig. 5C -C", Table 1 ). When six more cells complete the fifth cleavage, the 23-cell stage is attained. The progeny of the first quartet micromeres demonstrate an identical pattern of Erk1/2 activity in all quadrants: the signaling pathway is on in 1q 11 and 1q 12 , but turns off in 1q 2 (Fig. 5D-D" , Table 1 ).
In the second quartet micromeres, the dpErk1/2 staining in 2a, 2b, and 2c fades significantly, whereas it appears in the nuclei of the 2d 1 and 2d 2 sister-cells (Fig. 5D , Table 1 ). MAPK signaling activity was also observed in the two third quartet micromeres 3c and 3d, as well as in the single macromere -3D (Fig. 5D , Table 1 ). The macromeres 3C and still dividing 2A and 2B lacked dpErk1/2. Thereafter the dpErk1/2 staining becomes weaker, and during the sixth-seventh cell cycles only a faint signal can be detected in the nuclei of the M-cells, 2d 11 , and some animal micromeres ( Fig. 5E-E") . The described pattern of MAPK activation in A. virens differs markedly from that reported in all other spiralian embryos. In those molluscs with equal (=homoquadrant) spiral cleavage, Erk1/2 is first activated in 3D during the period when this cell is specified (Lartillot et al., Fig. 4 . Formation and molecular patterning of the mesoderm in A. virens. Solely mesodermal expression domains of Avi-twist (red), Avi-evx (blue), and Avi-mox (green) are depicted at the stages of the late cleavage (A), early gastrula (B), protrochophore (C), early trochophore (D), middle trochophore (E), and early metatrochophore (F). The inferred overlapping regions of expression are colored purple (Avi-twist and Avi-evx) and brown (Avi-twist and Avi-mox). (A, B) are vegetal views, ventral side is to the top, representing localization of Avi-twist transcripts in distinct cells -the endomesodermal precursors (4d and M-cells) and ectomesodermal founder-cells. Macromeres (grey) and mesoderm become overgrown with ectodermal cells during the epibolic gastrulation. Dotted line in (B) indicates the ventral and lateral blastopore edges. (C-F) are ventral views, animal pole is to the top. (C) Proliferation of the M-cells gives rise to the mesodermal bands (MBs), which extend anteriorly and express Avi-evx (in all cells) and Avi-twist (in distinct cells along the full MB's length). Avi-twist also has ectomesodermal expression domains arranged under the forming prototroch (pt). (D-E) Endomesodermal cells continue to increase in number in trochophore larvae. MBs extend laterally along the dorsoventral axis. Avi-twist and Avi-mox are expressed in overlapping endomesodermal domains, demonstrating the metameric bilateral patterns. The ectomesodermal Avi-twist-positive cells arrange above and on each side of the forming stomodeum. (F) The endomesodermal expression domains of Avi-twist and Avi-mox segregate from each other. Avi-twist is transcribed in precursors of the parapodial muscles, which surround each chaetal sac (chs). Avi-mox expression is observed more ventrally at the place of future oblique muscles. Ectomesodermal expression domains of Avi-twist and Avi-mox join and form a semi-ring around the stomodeum. X indicates the vegetal pole (the future proctodeum area); arrowhead, the ectomesoderm; asterisk, the future stomodeum area.
2002; Lambert and Nagy, 2003; Koop et al., 2007; Kozin et al., 2013) . This is consistent with the known conditional specification of the dorsal third quadrant macromere 3D via cell-cell interactions. Thus, the MAPK is suggested to mediate between an external signal and 3D fate allocation (Lambert and Nagy, 2003) . In the only studied unequally (= heteroquadrant) cleaving mollusc Ilyanassa obsoleta, the earliest dpErk1/2 was detected in 3D as well, but this activation relies on the maternally provided polar lobe content (Lambert and Nagy, 2001 ). Accordingly, either the MAP kinase is activated in 3D in cell-autonomous fashion, or inherited D quadrant determinants provide the competence to a potential inductive stimulus.
We do not know what exactly triggers MAPK signaling in the 8-cell A. virens embryo, but its dorsal confinement to the 1D, 1d, and 1c cells indicates the pivotal role of maternal determinants' unequal segregation. This unequal inheritance leads to the early determination of the dorsoventral axis already at the 4-cell stage (Kostyuchenko and Dondua, 2000) . The subsequent radially symmetric dpErk1/2 distribution in all micromeres of the 16-cell A. virens embryo implies a spatially ubiquitous upstream stimulus, which, however, is insufficient to induce MAPK signaling (or blocked) in the vegetal macromeres. Later on, animal micromeres transitionally lose the active form of MAPK while undergoing mitosis, but recover it during interphase. This pattern slightly resembles the situation in the mollusc C. fornicate, which has a small polar lobe but exhibits the equal spiral mode of development. In C. fornicata the earliest dpErk1/2 is observed at the 16-cell stage in all four animal-most micromeres 1q 1 (Henry and Perry, 2008) . Interestingly, inhibition of the mollusc's MAPK signaling solely at this stage and somewhat later disrupts the specification of cell fates and the dorsoventral axis. Perhaps the congruence between the A. virens and C. fornicata MAPK activity in the animal micromeres represents an ancient trait whose functional role (and regulation) evolved rapidly, ultimately leading to a total loss in equally cleaving spiralians. Directly after the birth of 3D and 3d, at the 17-cell stage, we registered dpErk1/2 in both these cells. At the vegetal pole, 3D remains the only macromere with MAPK activity during all following time points studied. This observation draws together the MAPK signaling patterns of A. virens and all investigated molluscs. Thus, the MAPK activity in Fig. 5 . Localization of the active Erk1/2 during early embryogenesis. All panels are the maximum intensity Z-stack projections of the whole mount immunostaining for dpErk1/2 (green) and DNA staining with DAPI (blue). In (E, E") the tubulin staining (red) was also performed. Each column (A-A", B-B", C-C", D-D", E-E") represents the same specimen, the stage of development is indicated on the top. The different channels are shown in rows: (A-E) depict solely dpErk1/2 antibody channel (plus the tubulin antibody channel in (E)); (A'-E'), DAPI channel; (A"-E"), merged channels. The dpErk1/2-positive blastomere's nuclei are subscribed in (A-E), the nuclei without dpErk1/2 staining are subscribed with underlining in (A'-D'). The dpErk1/2-positive blastomere's nuclei are subscribed in regular type; the blastomeres without nuclear dpErk1/2 staining are underlined. (an) indicates the anaphase; (met) the metaphase.
3D (associated with the launch of the embryonic organizer in molluscs) may reflect a conserved feature of 3D (i.e. the endomesodermal precursor) specification. From our data it is tempting to postulate multiple involvement of the MAP kinase in the A. virens embryo patterning. At least two periods of asymmetric dpErk1/2 distribution can be found: during the fourth and sixth cell cycles. The earliest period may be interpreted as an acceleration of the D quadrant establishment during unequal spiral cleavage. Conversely, dissimilar results were described in three polychaete annelids with no dpErk1/2 in 3D. Equally cleaving Hydroides hexagonus activates MAPK only in the 4d micromere (Lambert and Nagy, 2003) , whereas in the unequal cleavers P. dumerilii and C. teleta Erk1/2 diphosphorylation occurs much later, during gastrulation, in some vegetally localized micromeres of uncertain nature (Amiel et al., 2013; Pfeifer et al., 2014) . This discrepancy most likely reflects significant polychaete diversity. Among polychaetes, the precise genealogy of the organizer-cell was explored only in C. teleta. This organizing role belongs to the ectodermal somatoblast 2d, which, however, lacks MAP kinase signaling (Amiel et al., 2013) . In developing clitellate annelids the active form of Erk1/2 has not yet been found (Gonsalves and Weisblat, 2007) , whereas inductive properties of the 2d and 4d cells were described (Nakamoto et al., 2011) . In our opinion, the loss of dpErk1/2 from the D lineage represents an alternative mode of the organizer functioning in annelids. Further support for this interpretation will require surveying many more annelid species for the molecular nature of inductive interactions during embryogenesis.
Functional requirement of MAP kinase signaling in mesoderm morphogenesis
To assess the functional role of MAPK signaling during early A. virens development, we pharmacologically inhibited this pathway using the specific drug U0126. The four treatment series started at progressive time points and finished simultaneously, at the early gastrula stage. The embryos were then kept in fresh sea water until the MT stage, which was analyzed. In all experiments the resulting larvae were motile (beating prototroch cilia) and the bilateral symmetry was manifested by the normal position of the eyes and stomodeum (not shown).
In situ hybridization results on Avi-twist and Avi-mox showed the presence of internal mesodermal tissues regardless of experiment design (Fig. 6) . The anterior ectomesodermal patches of the Avi-twist and Avi-mox expression all the time surrounded the stomodeum, whereas the endomesodermal domains were organized in different ways, depending on the duration of the U0126 treatment. In experiments (I) and (II), when the inhibition started from the 8-cell and 16-cell stage, respectively, U0126 disrupted the typical metameric Avi-twist and Avi-mox patterns: the expressing endomesodermal cells were abnormally concentrated at the vegetal pole (Fig. 6B, C, G, H) . Applying the inhibitor after the 3D macromere's birth (experiment (III)) led to a moderate phenotype in which the MBs were somewhat extended along the A-P axis (Fig. 6D, I ). Finally, we did not observe any obvious effect on the Avi-twist and Avi-mox expression when applying U0126 after the 3D division in experiment (IV) (Fig. 6E, J) . Altogether, our experiments revealed a functional role of the MAPK cascade for the proper morphogenesis and differentiation of the endomesodermal tissues. Conversely, the signaling inhibition does not completely hinder the specification and patterning of the 4d derivatives, as manifested by the mesodermal markers' expression. Moreover, no radialization effect was found. The critical period of MAPK activity falls on the cleavage stages (the fourth to sixth cell cycles), which corresponds with the situation in molluscs (Lambert and Nagy, 2001; Koop et al., 2007; Henry and Perry, 2008; Kozin et al., 2013) .
Theoretically, the MAPK pathway in early A. virens development may (1) pattern the whole embryo, which is required for the possible instructive regulation of MB morphogenesis (i.e. the indirect effect), and (2) provide the competence for the endomesodermal precursor itself. The latter is segregated from the D macromere lineage via sequential divisions of the 1D, 2D, and, finally, 3D blastomere, which gives rise to the endomesodermal founder-cell 4d. Consistently, the 1D and 3D cells are the only macromeres possessing the activated Erk1/2. In chordates the MAPK-dependent FGF signaling has a conserved role in direct specification of the presumptive mesoderm fate. The FGF-MAPK pathway in vertebrates acts as a competence factor, required for perception of the TGF-β inductive signal, and is further essential for maintaining the mesoderm specification (Böttcher and Niehrs, 2005) . Inhibition of FGF signaling on different levels, e.g. in Xenopus embryos, blocks the expression of mesodermal markers and prevents formation of the posterior and lateral mesoderm (Amaya et al., 1991; Whitman and Melton, 1992; Gupta and Mayer, 1998) . The MAPK branch of the FGF pathway is also primarily required for mesoderm induction in hemichordate early development (Green et al., 2013) . Thus, we conclude that precisely the D quadrant lineage of A. virens is the most important effector of MAPK activity in mesoderm regulation. In tunicate embryogenesis, MAPK-dependent FGF signaling has been implicated in the induction of numerous mesodermal fates (Kim and Nishida, 2001; Kumano and Nishida, 2007) . In particular, the essential time for the notochord fate specification corresponds to the fifth cell cycle, which ultimately produces the first notochord-founder cells (Yasuo and Hudson, 2007) . Similarly, the critical period of MAPK signaling in A. virens precedes the segregation of the mesodermal somatoblast 4d. The apparent discrepancy in the roles of the MAPK pathway between diverse species calls for further seeking the intercellular as well as cellautonomous mechanisms of mesoderm determination in spiralians.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.03.003.
